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RAPIDLY SOLIDIFIED HIGH STRENGTH, DUCTLE OSPERSON-HARDENED TUNGSTENRCH ALLOYS FIELD OF THE INVENTION
The present invention relates to the field of tungsten alloys and, more particularly, to novel dispersion-hard ened tungsten-rich alloys containing silicon, boron, germanium or aluminum and to a method for preparing such alloys via rapid solidification processing.
Several publications are referenced in this application by Arabic numerals within parentheses. Full citation for these references is found at the end of the specification immediately preceding the claims. These references describe the state-of-the-art to which this invention pertains.
BACKGROUND OF THE INVENTION
Tungsten-rich alloys are characterized by high melt ing points and high strength and because of these prop 10 15 erties, they cannot be readily replaced by other alloys. Despite the importance of these properties, research on the synthesis of tungsten alloys has lagged behind other alloy systems because the very high melting tempera tures of these alloys do not permit the use of many common processing techniques. For example, alloy processing for tungsten has been for the most part lim ited to conventional powder metallurgy or arc casting techniques. Conventional mixing of elemental powders followed by sintering affords large particles and does not afford a fine particle dispersion.
In recent years, rapid solidification processing (RSP) has become one of the most important and significant methods for enhancing the properties of materials. A number of benefits have been demonstrated by the syn thesis of many other alloy systems by RSP. For exam ple, entirely new alloys can be made utilizing a flexible selection of alloy compositions and rapid solidification conditions. In addition, highly refined and homogene ous microstructures can be produced through rapid solidification. Further, very stable dispersoids can be created in the matrix through the utilization of novel additives and aging treatments. Previous studies on RSP alloys have been documented (1, 2) . Among the results, specific examples that have shown enhanced characteristics resulting from RSP are found in disper sion strengthened aluminum and titanium alloys con taining rare earth metals (3, 4, 5, 6, 7).
Tungsten alloys can be strengthened by alloying, plastic deformation and dispersion mechanisms (8, 9). The alloying and plastic deformation mechanisms be come less effective at high temperatures. At such high temperatures, dispersion is the only effective strength ening mechanism because the dispersoid becomes the most important dislocation barrier and stabilizes sub grain boundaries and dislocation substructure through the impediment of dislocation movement.
Conventional dispersion-hardened alloys rely pre dominantly on carbide, nitride and oxide-based parti cles. The most widely used are titanium carbide, zirco nium carbide and hafnium carbide. For example, car bide dispersion is widely used for strengthening molyb denum alloys. It was found that carbide dispersions not only increase the strength of the alloy but also raise the temperature for recovery and recrystallization. How ever, the high solubility of transition metals such as titanium, zirconium and hafnium in tungsten and the 2 diffusivity of carbon in tungsten are not ideal conditions for the coarsening resistance of the carbides of these rare earth elements. While dispersion hardened tung sten alloys containing thorium have been developed, a fine and uniform dispersion hardened tungsten alloy matrix had not been possible through conventional pro cessing methods. In addition, because of the high melt ing temperatures of refractory alloys, routine rapid solidification techniques cannot be readily applied.
However, rapid solidification of refractory alloys has been recently demonstrated using an arc melt spinning technique (10) . For example, niobium-silicon, molyb denum-tungsten-titanium-carbon and molybdenum tungsten-thorium-boron alloy systems have been spun into ribbons by the arc plasma spinning technique. The advantage in this method lies in the fact that extremely refined microstructures of good uniformity can be at tained through high cooling rates ranging from 106 to 107 K/sec.
It has been now discovered that silicon, boron, ger manium or aluminum may be used as disperiods in tung sten rich alloys. Further, tungsten rich mixtures con taining these dispersoids may be continuously cast by arc melt spinning to afford alloys having homogeneous, finer dispersions in the matrix and possessing high strength and good ductility.
Therefore, it is a general object of the invention to provide high strength, ductile tungsten alloys by incor porating rapid solidification processing and a versatile combination of alloying elements and additive elements. It is another object of the present invention to provide novel dispersion hardened tungsten rich alloys contain ing silicon, boron, germanium or aluminum as the dis persoid and having high strength and ductility. It is another object of the present invention to provide a process for preparing tungsten rich alloys containing silicon, boron, germanium or aluminum via rapid solidi fication processing.
These and other objects, advantages and features of the present invention will become more readily appar ent after consideration of the following.
SUMMARY OF THE INVENTION
The invention is broadly directed to tungsten-rich, dispersion-hardened alloys having the general formula W100-pMXREYMEz wherein W is tungsten, M is one or more elements se lected from the group consisting of transition elements, RE is an element selected from the group consisting of rare earth and actinide elements, ME is silicon, boron, germanium or aluminum, X is from 0 to 25 weight per cent, Y is from 0 to 2 weight percent, Z is from 0.1 to 3 weight percent and P equals X-Y-Z and Ps26 weight percent. The skilled artisan will readily appreci ate that the alloys according to the invention may be binary, ternary or quaternary.
The invention is also directed to a process for prepar ing the tungsten-rich alloys of the invention. The pro cess comprises the steps of blending a mixture of the powered, elemental components of the alloy, compact ing the blended mixture into a solid mass, hot-con solidating the compacted solid mass, melting the hot consolidated mass and rapidly solidifying the molten mass at a cooling rate of at least 1,000 C./sec. 4,908,182 3 In still another aspect, the invention is directed to tungsten-rich, dispersion hardened alloys as described above which are prepared by blending a mixture of the powdered, elemental components of the alloy, com pacting the blended mixture into a solid mass, hot-con solidating the compacted solid mass, melting the hot consolidated mass and rapidly solidifying the molten mass at a cooling rate of at least 1000 C.
BRIEF DESCRIPTION OF THE DRAWINGS
The invention, as well as other objects, features and advantages thereof, will be understood more clearly and fully from the following detailed description, when read with reference to the accompanying drawings, in 
DETAILED DESCRIPTION OF THE INVENTION
The invention is directed to novel, tungsten-rich al loys which possess improved hardness and ductility as compared to pure tungsten. These novel alloys are made possible using a versatile combination of alloying elements and additive elements and incorporating rapid solidification processing. As used herein, the term "ad ditive element" refers to dispersoids, namely silicon, boron, germanium and aluminum. The other compo nents of the alloys of the invention other than tungsten and the dispersoids are referred to as "alloying ele ments'.
The development of these novel tungsten alloys is based on solid solution strengthening and precipitate hardening aimed at adequate ductility with a significant strength increase from room temperature to intermedi ate temperatures. This development paralleled that of rapidly solidified titanium alloys and aluminum alloys (11) . Therefore, the tungsten alloys of the invention are characterized by stable, coarsening resistant particles free from detrimental segregation of additive elements and by a minimum requirement of ductility and fracture toughness.
Accordingly, the invention is directed to tungsten rich alloys having the general formula In another aspect, the invention is directed to a method for preparing tungsten-rich alloys. The process comprises the steps of blending a mixture of the pow dered, elemental components or one alloy, compacting the blended mixture into a solid mass, hot-consolidating the compacted solid mass, melting the hot-consolidated mass and rapidly solidifying the molten mass at a cool ing rate of at least 1000 C./sec.
In the first step, a mixture of high purity elemental powders, corresponding to the components of a desired alloy, are blended using typical powder blenders well known in the art. Preferably, very fine powders on the order of 300 mesh or finer are used.
The thoroughly blended powder mixture is then compacted at room temperature into a solid mass such as, for example, pellets. The compaction is carried out at pressures of about 5,000 to 20,000 psi. Compaction increases the density of the material by about 60 to 70% of the ultimate, defect-free homogenous alloy. Any of a number of means well known in the art for compacting may be used. For example, a die and press assembly may be used and the resulting size and shape of the com pacted solid mass will depend on the size and shape of the die used. The compacted solid mass is then treated with a hot consolidating technique. Hot consolidating techniques are well known in the art and include, for example, hot isostatic pressing (HIPing), sintering, high temperature extrusion and vacuum hot pressing (12) . A preferred technique is sintering whereby the compacted solid mass is heated in an oven at a temperature of about 1,400 to 2,000 C. for a period of about 2 to 10 hours. Sintering is carried out under an inert gas, preferably hydrogen. However, in the case of alloys which react with hydrogen to form hydrides, argon is preferably used. The hot-consolidated mass is then heated to its molten state and is rapidly solidified. The term "rapidly solidified" as used herein means solidification by any technique capable of achieving a cooling rate of at least 1,000 C./sec. Two such techniques well known in the art are splat-quenching and arc-melt spinning. The 4,908,182 terms "rapidly solidified", "rapid solidification', "rap idly quenched' and "rapid quenching" are used inter changeably.
Preparation of large quantities of the tungsten-rich alloys according to the invention is preferably carried out using an arc-melt spinning technique. As noted earlier, arc-melt spinning of molybdenum and tungsten alloys with melting points up to 3,000 C. has been demonstrated.
Typically, in arc melt spinning, a premelted alloy button or ingot is placed at the bottom of a copper crucible under an inert gas atmosphere, such as argon.
The crucible has an orifice which is centered at the bottom of the crucible. The button or ingot is then melted by arc plasma using a non-consumable tungsten electrode. When the melt is adequately superheated, inert gas is introduced into the crucible so as to create a pressure differential between the interior of the crucible and the exterior. As a result of this differential, the molten alloy forms a jet through the orifice centered at the bottom of the crucible. The jet subsequently im pinges onto a highly conductive spinning disk under neath the crucible and is rapidly solidified into ribbons or flakes, depending on the disk employed. The flakes or ribbons are brittle enough to be pulverized by me chanical means. The powder so produced can be con solidated by hot isostatic pressing (HIPing) or extru SO However, tungsten alloys having melting points greater than 3,000 C., such as the alloys of the present invention, make utilization of existing arc-melt spinning techniques difficult since the temperature gradient in such alloys exceeds 3,000 C./cm. Consequently, the continuous casting of tungsten alloys by arc-melt spin ning has not been previously developed.
However, it has been discovered that tungsten alloys with melting points greater than 3000 C., such as those of the present invention, may be rapidly solidified by use of a modified arc-melt spinner.
FIG. 1 is a schematic representation of such a modi fied spinner. The spinner does not include a crucible. In accordance with the invention, during the compaction step, the desired alloy is formed into the shape of a consumable electrode 10 which is fitted into the spinner as shown in FIG. 1 . Consumable electrode 10 is melted by two negative, non-consumable electrodes 12 and 14 and the resulting molten droplets are spun into flakes by a rotating molybdenum disc 16. This process, employ ing a non-crucible spinner, is very similar to that of the "melt-drag' process (13, 14, 15) . The non-crucible spin ner shown in FIG. 1 also may be used for the continu ous casting of the alloys according to the invention.
In another embodiment of the process for preparing the alloys according to the invention, the blended mix ture of powdered, elemental components may be me chanically alloyed before compacting. Any number of well known techniques for mechanical alloying may be used including, but not limited to, attrition milling, tum bier ball mills, vibratory ball mills and hammer and rod mills (16) . Mechanical alloying, which provides particle sizes of up to 100 angstroms, is carried out for a period of about 4 to 20 hours, preferably 10 to 20 hours. The resulting rapidly quenched homogeneous alloys may then be pulverized and consolidated into desired shapes and sizes by HIPing, hot-extrusion, vacuum-hot pressing or any other well-known hot consolidation techniques. The alloys according to the invention may be used in the manufacture of military tank projectiles The following examples are set forth to illustrate more fully the invention.
Methods And Materials
Small tungsten alloy buttons were prepared in accor dance with the invention. High purity powders of the component elements were blended as described above. Powders of tungsten, boron, silicon and germanium were obtained from Atlantic Equipment Engineers, a division of Micron Metals, Inc., Bergenfield, N.J. Rare earth (Y, Lu) and actinide (Th) metal powders were obtained from Leico Industries, Inc. of New York, N.Y. Rhenium, ruthenium and the rest of the metals were obtained from Morton Thiokol, Inc., Alfa Products, Danvers, Ma. According to one embodiment of the invention, some of these powders were compacted into pellets at a pressure of 10,000 Lb f and then the pellets were annealed at 1,500 C. for two hours under hydro gen atmosphere.
In accordance with another embodiment of the in vention, some of the blended powders were charged into a small, high energy ball mill (Model: Spex 8,000) and milled for 14 hours under argon atmosphere. The milled powders again were compacted and annealed in the same manner as described above.
The alloy buttons prepared according to either em bodiment were broken up into small pieces which were then splat-quenched into thin foils (150-300am thick) by the hammer and anvil technique (17, 18, 19) under argon atmosphere. A typical hammer and anvil appara tus is shown in FIG. 2 . Characterization of the as-splat foils and the heat-treated foils was performed with re spect to microstructure, ductility and hardness.
Thin films for TEM and STEM from the as quenched foils were prepared using a solution of 85% methanol, 8% sulphuric acid, 5% lactic acid and 2% hydrofluoric acid under the conditions: 55V, 95mA, and -30 C. for 3 mm diameter foil. For the heat treated alloys, a solution of 2% NaOH and 98% metha nol was employed under 13V at room temperature. The compositional profile and particle analysis were carried out by EDX-STEM.
Microhardness measurements were performed using a Leitz Hardness Tester with a 100 g load. Because of the shape of the samples, ductility was measured using a bulge test. The bulge test was performed using a small custom made tester as shown in FIG.3a . The specimen 18 is held tightly on circular opening 20 and then is pressed to bulge upward by ball 22 which is pushed upwardly by pressing rod 24 from beneath, as shown in
Referring now to FIG. 3b wherein t is the thickness of the specimen, t/2 is the midpoint of the thickness of the specimen at the highest point of spherical cap 26, p is the distance between t/2 and the boundary of spheri cal cap 26 of bulged bottom surface 28, O, the origin, is the center point of the projected area of the bulged surface area, a is the distance between the origin O and the boundary of spherical cap 26 of bulged bottom surface 28, h is the distance between the origin and the highest point of the bulged bottom surface 28 of the specimen, h' is the distance between the origin and t/2, the thickness change At=ti-to and thickness reduction At/to(e) may be calculated from the following relation: These powders were mixed well in a porcelain mor tar. The mixed powders were then poured into a steel die and compressed into a pellet of 1 cm diameter under 10,000 Lb f. The pellets were arc heated for 2-5 minutes in an arc furnace under argon atmosphere so that the surfaces of the pellets melted to form solid masses, but without complete melting of the pellets. The solid pel lets so formed were broken into pieces each weighing about 0.3-0.7 g. Each piece was completely melted by an arc electrode and then splat-quenched into foil from the molten state by the hammer and anvil quench tech nique. The splat-quenched foils were approximately 5 mm in diameter and 150-300 uum thick. The quenched foils were subjected to microhardness and ductility tests as described above.
The quenched foils were then wrapped with Ta foil and annealed by insertion into a tube furnace under hydrogen atmosphere. The furnace temperature was raised to 1500 C., held at 1500 C. for three hours and then slowly cooled down to room temperature. The annealed alloy foils were subjected to microhardness and ductility tests. b show a transgranular fracture in contrast to the inter granular fracture shown in FIGS. 5a and b for the pure tungsten alloy. Also, it should be noted that the grain size of the W-0.5Si alloy is 1-2 um as compared to 50-100 um for the pure tungsten alloy. Both alloys were processed in the same manner. Hence, the nucleation mode in W-0.5Si is apparently different from the other TEM micrographs of W-0.5Sirevealing 5-6 facet grains in which some dislocations were embedded (FIGS. 7a and b).
The ternary alloy W-10Re-0.3Si is essentially a solid solution in the as-quenched state (FIG. 8a) , but in some cases contains precipitates (FIG. 8b) . When the alloy is annealed at 1500 C., precipitation reaction is further promoted as shown in FIG. 9b . The matrix and the precipitates of the as-quenched W-10Re-0.3Si alloy were studied by EDX spectroscopy and the spectra are shown in FIG. 10a and FIG. 10b , respectively. The spectra show that the pure tungsten peak of the precipi tates is weaker than that of the matrix whereas the com posite peak of tungsten and silicon for the precipitates (arrow mark) is stronger than that of the matrix. This indicates that the precipitate contains more silicon than the matrix. The crystal structure of the precipitates can be identified from the spot diffraction patterns or con version beam diffraction patterns by a high voltage TEM.
Another ternary system alloy, W-10Ru-0. Mechanical Properties -Ductility And Hardness The results of microhardness and ductility measure ments on alloys according to the invention are set forth in Tables 1 through 3 . The alloys were cast into buttons in an arc melting furnace and honogenized at 1500 C. for 1 hour under hydrogen atmosphere. surements of binary tungsten alloys as compared to pure tungsten. The alloys were processed by sintering and rapid quenching with the exception of the W-Ge and 10 W-Al alloys which were processed by mechanical al loying followed by sintering and rapid quenching.
The group IIIA (B,Al) and IVA (C, SiGe) elements as additive elements have a minor affect on alloy hard ness, with the exception of aluminum, but have a major affect on alloy ductility. For example, alloys containing group IIIA and IVA elements and exhibiting enhanced ductility are W-0.2B, W-0.5Si and W-0.4All.
The precise reason for such a ductilizing affect is not known. However, it is interesting to note that the as quenched alloys do not show any ductility enhance ment as compared to pure tungsten whereas the same alloy after being vacuum annealed indicates a signifi cant enhancement in ductility as compared to pure tungsten. For example, the as-quenched W-0.5Si has a ductility value of 0.75 which increases to 1.48 upon annealing. Similarly, the ductility value of the as quenched W-0.4Al alloy increases from 0.44 to 0.92 upon annealing. In particular, the manifestation of such an effect is found in the W-Si system. Overall, a large ductility difference between the as-quenched state and the annealed state is noted in the binary system.
Ternary tungsten alloys were also tested as to micro hardness and ductility. The results are tabulated in Table 2 . Overall, the microhardness and ductility in rapidly solidified ternary tungsten alloys are the result of a combined affect by both the alloying element and the additive element. Although it is difficult to separate the affect of the alloying element from that of the addi tive element, a clear trend by either alloying element or additive element can be identified from Table 2 .
First, the majority of the ternary alloys shows higher hardness in the as-quenched state as compared to the annealed state. This effect may be explained from the fact that in the as-quenched alloys, the amount of alloy ing element or additive element is within the extended solubility limit so that the alloys enjoy full solid solution strengthening which provides harder alloys. By con trast, microstructural coarsening in the annealed alloys results in the reduction of strength.
Second, marked ductility improvement from that of pure tungsten is achieved in alloys containing silicon, germanium and yttrium, in contrast to the ductility decrease in alloys containing rare earth and actinide elements such as lanthanum.
Among carbon, boron, silicon, aluminum, and germa nium, silicon shows the greatest improvement in room temperature ductility of tungsten alloys. Table 3 shows percentage of maximum cold rolled reduction before failure for tungsten alloys with silicon. The 0.5 weight percent silicon has an equivalent affect on ductility as that of 10 weight percent rhenium in binary tungsten alloys. However, in the ternary system W-Re-Si, the increase in silicon content with constant rhenium shows a maximum ductility at 0.5 weight percent silicon.
The ductility increase in tungsten alloys by a smail The grain boundary may be strengthened by silicon addition. Silicon increases plastic deformation by pre venting intergranular failure which is dominant in tung sten alloys. However, it is not possible to explain the concommitant increase in grain boundary cohesion from a semi-theoretical point of view according to which the sublimination energy Hub of the segregating solute should be larger than that of the solvent in order
